Influence of s,p — d and s — p exchange couplings on exciton splitting in Zni^Mn^O 
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This work presents results of near-band gap magnetooptical studies on Zni^Mn^O epitaxial 
layers. We observe excitonic transitions in reflectivity and photoluminescence, that shift towards 
higher energies when the Mn concentration increases and split nonlinearly under the magnetic 
field. Excitonic shifts are determined by the s,p — d exchange coupling to magnetic ions, by the 
electron-hole s — p exchange, and the spin-orbit interactions. A quantitative description of the 
magnetoreflectivity findings indicates that the free excitons A and B are associated with the F7 
and Fg valence bands, respectively, the order reversed as compared to wurtzite GaN. Furthermore, 
our results show that the magnitude of the giant exciton splittings, specific to dilute magnetic 
semiconductors, is unusual: the magnetoreflectivity data is described by an effective exchange energy 
iVo(/3 (app) - Q (app) ) = +0.2 ± 0.1 eV, what points to small and positive jV /3 (app) . It is shown that 
both the increase of the gap with x and the small positive value of the exchange energy A^o/? 
corroborate recent theory describing the exchange splitting of the valence band in a non-perturbative 
way, suitable for the case of a strong p — d hybridization. 

PACS numbers: 75.50.Pp, 75.30.Hx, 78.20.Ls, 71.35.Ji 



I. INTRODUCTION 

It is increasingly clear— that the understanding and 
functionalization of dilute magnetic semiconductors 
(DMSs) and dilute magnetic oxides (DMOs) has to pro- 
ceed via detailed investigations of spin-dependent cou- 
plings between effective mass carriers residing in sp bands 
and electrons localized on d shells of transition met- 
als. According to a recent model j2 a local potential pro- 
duced by a strong p — d hybridization specific to wide 
bandgap DMSs and DMOs may give rise to the presence 
of a hole bound state in the gap, even if the transition 
metal (TM) ion acts as an isoelectronic impurity. In this 
strong coupling case, the standard theory, invoking vir- 
tual crystal and molecular field approximations to de- 
scribe exchange splitting of bands, ceases to be validi^ A 
non-perturbative treatment of the p — d coupling within 
the generalized alloy theory 3 - demonstrated that the spin 
splitting of extended valence band states resulting from 
interactions with randomly distributed magnetic impu- 
rities, each acting as a deep hole trap, is reversed and 
much reduced.— This view was recently supported by ab 
initio computations within an LSDA + U approach for a 
series of (II,Mn)VI compounds. 4 It was also suggested^ 
that the developed theoretical framework 2 , explains an 
anti-crossing-like behavior of bands in mismatched alloys, 
such as GaAsi_ x Na;, often assigned to the presence of res- 
onant impurity states^ 

The predictions of the strong coupling model^ were 
experimentally confirmed for wurtzite Ga^Fe^N and 
Gai.^Mn^N, where a small and positive value of the ap- 



parent p — d exchange energy A / o/3 < - app - ) was inferred from 
magneto-reflectivity studies of free excitons An un- 
expectedly small magnitude of A r o/3^ app - 1 was also found 
in Zni_ x Co x O^ whose sign depended on the assumed or- 
dering of the valence bands on ZnO, a much disputed 
issue in the physics of this important compoundf 1 ^— 

The validity of the model 2 for the description of 
Zni.^Mn^O has not yet been clarified. Recent transmis- 
sion experiments indicated the presence of an absorption 
band in the sub-gap spectral regiom 16 ' 17 In agreement 
with the strong coupling theory, this additional absorp- 
tion was considered to originate from photoexcitation of 
a hole in a Mn bound state and an electron in the con- 
duction band. The corresponding optical cross-section 
was found to be large enough to shadow internal Mn 2+ 
transitions, expected to appear within the same spectral 
region. The trapping of holes by Mn ions explained also 
a decay of photoluminescence (PL) intensity with the Mn 
concentration. 

The previous PL studyi^ of bound excitons in 
Zn^Mn^O under an applied magnetic field indicated a 
much smaller magnitude and a reverse sign of the split- 
ting compared to other II- VI DMSs, in qualitative agree- 
ment with the theory^ This view was called into question 
by results of magnetic circular dichroism (MCD) mea- 
surements which indicated that the sign and an overall 
magnitude of the MCD signal were actually similar to 
other II- VI DMSsj 1 ^ Moreover, it can be argued that con- 
clusions based on PL results are misleading if magnetic 
ions act as PL killers. In such a case, if the sample is 
not perfectly homogenous, the emission comes primarily 
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from regions with low magnetic ion concentrations and, 
thus, characterized by a relatively small magnitude of the 
spin splitting. This problem is not important in the case 
of reflectivity, whose amplitude is virtually independent 
of the magnetic ion concentration. 

We have, therefore, decided to perform, in addition to 
the PL and the MCD measurements, reflectivity stud- 
ies on high quality samples exhibiting sharp excitonic 
lines. Extensive magnetoreflectivity results and their 
quantitative analysis taking into account excited states 
as well as both s,p — d and s—p (electron- hole) exchange 
interactions reported here suggest that the excitons A 
and B correspond to different valence bands (r7 and 
Tg, respectively) than in GaN. Furthermore, the findings 
point to the positive sign and to a reduced magnitude 
of /j( a PP', confirming the applicability of the strong cou- 
pling model^ for ZnO-based DMSs. We explain mutually 
opposite polarization of the lowest excitonic lines seen in 
reflectivity and photoluminescence measurements. 



II. SAMPLES AND EXPERIMENTAL 

A series of about 1 thick Zni^Mn^O layers has 
been grown by molecular beam epitaxy (MBE) and 
metal-organic vapor phase epitaxy (MOVPE) on sap- 
phire substrates. The c-axis is parallel to the growth 
direction and the Mn concentrations x, determined by 
secondary ion mass spectroscopy (SIMS), is 0.14, 0.6, 1.4, 
and 2.6% for the layers grown by MBE, and 2.5% for the 
film obtained by MOVPE. A high pressure Xe lamp was 
employed for reflectivity and transmission experiments. 
Photoluminescence was excited by a He-Cd laser. Cir- 
cularly polarized light was analyzed by an achromatic 
quarter- wave plate and fused silica linear polarizer. A 
Peltier cooled CCD camera coupled to a 1800 gr/mm 
grating monochromator was used to record the spectra. 
The magnetooptical data were collected in the Faraday 
geometry and with the light incidence normal to the film 
plane. The sign of circular polarization was checked 
by a reference measurement of the giant Zeeman splitting 
of excitons in Cdi.^Mn^Te. 



III. RESULTS 

A. Zero field spectroscopy 

Reflectivity and photoluminescence spectra of diluted 
Zni_ x Mn x O (x = 0.6%) are shown in Fig. [TJ Several fea- 
tures related to excitonic transitions are seen. In general, 
three kinds of excitons associated with three closely lying 
valence bands, are expected in wurtzite semiconductors. 
They are traditionally refereed to as A, B, and C, where 
the ground state of the exciton A has the lowest and of 
the exciton C the highest photoexcitation energy. Ac- 
cordingly, in the reflectivity spectrum collected for the 
incidence angle of 45 degrees all three IS excitons A, B, 
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FIG. 1: Reflectivity and photoluminescence of Zni.^Mn^O 
with x — 0.6% at T — 1.6 K. The reflectivity is measured 
with incidence angle of 45 degrees (upper spectrum shifted 
for clarity) or with normal incidence (middle spectrum). Es- 
timated spectral positions of excitonic lines are indicated. 



and C are observed (Fig. [TJ topmost spectrum). The 
A — B splitting is about 7 meV, the B — C splitting is 
about 45 meV. Due to a weak spin-orbit coupling and 
optical selection rules no exciton C is observed in the 
reflectivity spectra obtained with the normal incidence 
(Fig. [1] middle spectrum). The 2S excitons are much 
weaker than the IS excitons and are shifted about 40 
meV to higher energies. In the PL spectrum of the same 
sample (Fig. [1] bottom spectrum), the dominating line, 
identified as the recombination of a donor bound exciton, 
is shifted towards lower energies by 11 meV as compared 
to a weaker line of free exciton A (IS). Emission from 
the 2S exited states is well visible about 40 meV above 
the free excitons. Comparing to a reference ZnO sample 
(not shown) excitonic transitions in x — 0.6% sample are 
shifted by 5 meV towards higher energies. 

Figures [DJa) and (Hb) show the reflectivity and PL 
spectra, respectively for samples with different Mn con- 
centrations x. Optical transitions of the A and B ex- 
citons are well resolved in the reflectivity spectra for x 
up to 1.4%. With increasing x the excitonic transitions 
broaden and shift towards higher energies, in qualitative 
consistency with previous reports.— The same trend is 
observed for transitions seen in PL (Fig. HJb)). 

The fitting of the reflectivity spectra by the polariton 
models provides the energy values of the A and B ex- 
citons, even in the case of the samples with the highest 
concentration of magnetic ions x = 2.6%, where rele- 
vant lines are rather broad. Figure [3] shows the energy 
positions of the A and B excitons determined from the 
spectra presented in Fig.^a). The energy of the bound 
exciton determined from the PL spectra of Fig. [D(b) is 
also shown. A linear dependence of the energy band gap 
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FIG. 2: Reflectivity (a) and photoluminescence (b) spectra 
collected at 1.6 K for Zni^Mn^O with Mn concentrations 
0.14, 0.6, 1.4, and 2.6%. Reflectivity spectra are shifted ver- 
tically for clarity. Intensity of photoluminescence spectra de- 
creases by orders of magnitude with increasing the Mn con- 
centration. 



on x confirms previous reports on Zni.^Mn^O ) 16 ! 1 ' 19 i 20 
and is consistent with theoretical expectations for the 
case of the strong p — d hybridization. 2 Similar slope for 
reflectivity and PL (Fig.[3|) shows that regions with lower 
Mn concentration do not dominate the PL spectrum. 
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FIG. 4: (color online) Reflectivity spectra (symbols) of 
Zm-.Mn.O with x = 0.14% (a,b) and x = 0.6% (c,d). Lines 
show fits by the polariton model. Features related to IS and 
2S excitons A and B are marked. Spectral region of 2S exci- 
tons is plotted in a zoomed Y scale in the insets (b) and (d). 
Full (empty) circles are related to measurement at a~ {cr + ) 
circular polarization and magnetic field B = 7 T, triangles to 
measurement at B — T. 
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FIG. 3: Exciton energies determined from the spectra shown 
in Fig. U as a function of the Mn concentration x in 
Zni^MnjO. Empty circles - free exciton A (reflectivity), full 
circles - free exciton B (reflectivity), triangles - bound ex- 
citon (main PL line). The dashed line is a linear fit to the 
energy of the free exciton A. 



B. Magneto-reflectivity 

Figure [4] presents reflectivity spectra of samples with 
x = 0.14% and 0.6% recorded in the magnetic field B = 
and 7 T for two circular polarizations. A high optical 
quality of the samples allows us to resolve transitions of 
IS as well as of 2S excitonic states, as indicated in the 
plot. 

In order to determine the exact energy positions of ex- 
citons from reflectivity spectra, we fit the data employing 
the polariton model^^ The model takes into account ex- 
citons A and B, their excited states, and transitions to 
continuum of states through a residual dielectric func- 
tion. Since the exciton C is not observed, its oscilla- 
tor strength is assumed to be equal to zero. All excited 
states are described by a single fitting parameter— (Poo). 
The importance of the excited states for the interpreta- 
tion of reflectivity spectra in GaN was pointed out by 
Ste,pniewski et al^ We find that the inclusion of excited 
states such as 2S is also crucial for a satisfactory descrip- 
tion of reflectivity spectra in the case of ZnO. Interest- 
ingly, as clearly evidenced in Fig.|j4ja,b) the energy split- 
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FIG. 5: (color online) Transition energies (a), polarizabilities 
(b), and damping parameters (c) determined for A and B 
excitons in Zno.994Mno.006O sample. Lines in (a) represent fit 
with excitonic model, Brillouin function and with parameters 
given in Table [T] 



ting between 2S A and B excitons is smaller than between 
IS A and B excitons. This reveals that the magnitude 
of the electron-hole exchange interaction is much larger 
in the case of IS excitons. 

Examples of experimental and calculated reflectivity 
spectra are shown in Fig. |4ja,c) and Fig. EJa). Param- 
eters of the IS excitonic transitions (transition energies, 
polarizabilities, and damping parameters) obtained from 
the fit for the sample containing 0.6% of Mn are plotted 
as a function of the magnetic field in Fig. [5] The anal- 
ysis of the two circular polarizations of the light shows 
that both excitons A and B split in the magnetic field. 
However, in contrast to Ga^Fe^N^ and Gai^Mn^N^ 
the splitting magnitude is larger in the case of the ex- 
citon B (2 meV at saturation) than in the case of the 
exciton A (1 meV at saturation). Since a larger splitting 
is expected for the T$ band (derived from the heavy hole 
j = 3/2 band) than for the case, we conclude that 
the A exciton is associated with the T-? band in ZnO, 
in contrast to GaN, where the relevant band is Tg. We 
note that such an ordering has been proposed for ZnO 
by ThomasiS and recently confirmed using the analysis 
of donor bound excitons in ZnO bulk material] 14 i 15 

According to the fitting results collected in Fig. [5j the 
field-induced excitonic shifts are much more pronounced 
in the a + circular polarization than in the a~ one. This 
stems from the presence of an electron-hole exchange in- 
teraction that leads to a mixing between A and B exci- 
tonic statesi&I^ When the energy distance between exci- 
tons A and B increases (in c + ), exciton mixing becomes 
weaker. In contrast, in the case of the a~ circular po- 
larization, the energy separation between excitons A and 
B decreases in the magnetic field. This enhances the 
exciton mixing and the resulting anticrossing behavior, 
which reduces strongly the field-induced shift of the cor- 
responding excitonic states. 

Once determined the exciton energies and their shifts 
in the magnetic field, we employ the theory of free exci- 
tons in wurtzite DMSs 5 - 9,22 in order to assess the selec- 
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TABLE I: Energies in meV of the ground state exciton 
A, Ea\ crystal field splitting Ai; spin-orbit parameters A2 
and A3; s — p and s,p — d exchange interactions, 7 and 
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respectively describing energies of exci- 



tons A and B as a function of the magnetic field in Zni_ 
with x = 0.6%. 
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tion rules and to evaluate the values of relevant param- 
eters for Zni^Mn^O. As shown in Table HI the fitting 
procedure provides the magnitudes of the crystal field 
splitting Ai, spin-orbit parameters A2 and A3 as well as 
the electron-hole exchange energy 7 and a combination of 
the s,p — d exchange energies, No(/3^- app ^ — a( appS> ), where 
N is the cation concentration; /3( app ) and a^ app ^ are the 
apparent p — d and s — d (respectively) exchange integrals 
describing the splitting of the extended hole and electron 
states which form the excitons. The presence of antiferro- 
magnetic interactions between the nearest neighbor Mn 
pairs2£ is taken into account by introducing an effective 
Mn concentration, x c g = x{\ — x) 12 . 

Parameter A2 describes the parallel component of 
spin-orbit interaction that induces the A-B valence band 

903 Q 



splitting. According to a common intcrpretatio 
positive value of A 2 would imply that the order of the 
valence bands is the same in ZnO and GaN (namely, Tg, 
T7, T7). However, in the case of the present study, the 
value of the A2 = 0.5 ± 1 meV determined from the 
fit is very small. As a consequence, the perpendicular 
component of the spin orbit interaction (A3) governs the 
valence band ordering. Parameter A3 describes the Tj- 
valence bands interaction that pushes one of the Tj 
bands to the top of the valence bands. In the view of the 
above considerations, the observed valence band ordering 

is r 7 , r 9 , r 7 . 

For excitons the situation is more complex. The 
electron-hole s — p exchange interaction increases the 
splitting between excitons A and B as compared to va- 
lence band distance. Moreover, s — p exchange interac- 
tion mixes valence bands within excitonic states. Con- 
sequently, the hole in the exciton A originates partially 
from both T7 and Tg valence bands. However, the main 
contribution comes from the Tj valence band, rather 
than from the T 9 band, as it would in GaN. The differ- 
ence in the exciton origin accounts also for a reverse sign 
and amplitude of the giant Zeeman splitting of the exci- 
tons A and B in Zni.^Mn^O and Zni.^Co^Of^ compared 
to Ga^Fe^N and Gai^Mn^N^^ The fitting procedure 
leads also to A (,3( app ) -a( app >) = 4-0.22±0.05 eV, where 
the main contribution to the error comes from the uncer- 
tainty in the x value. 

Positions of A and B excitons obtained from the polari- 
ton fit for the case of Zni.^Mn^O with higher Mn content, 
x = 2.6%, are indicated by arrows in Fig.[SJ When a mag- 
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FIG. 6: (color online) (a) Reflectivity spectra (symbols) of 
Zm-zMnzO with x = 2.6%, measured at B = and B = 7 T 
in two circular polarizations at T = 1.6 K. Solid lines show fits 
with the polariton model. Arrows show the determined posi- 
tions of excitons. (b) Redshift of the exciton A as a function 
of the magnetic field B, as determined for in Zno.g74Mno.026O 
at three temperatures T (left axis). The redshift is compared 
to the mean spin of Mn 2+ ions (right axis) , given by the para- 
magnetic Brillouin function B 5 / 2 (T 1 , B). 

netic field is applied a substantial redshift of the exciton 
A in the <r + polarization is clearly visible even without 
the polariton fit. Since the low-energy component of the 
exciton A does not anticross with other excitons, the in- 
fluence of the electron-hole exchange interaction on its 
shift is weak. Accordingly, as shown in Figure Mb) , the 
redshift of the exciton A is directly proportional to the 
paramagnetic Brillouin function H 5 / 2 (T, B)^ where T is 
the sample temperature. The data confirm a dominant 
contribution of the s,p — d exchange interaction to the 
giant Zeeman splitting and indicate that the spin-spin 
coupling between next nearest Mn neighbors is weak in 
Zni.xMnjO. 



C. Magnetic circular dichroism and 
photoluminescence 

According to the magneto-reflectivity data discussed 
above, the redshifted component of the lowest exciton 
line acquires the a + polarization in the presence of a 
magnetic field. This conclusion is consistent with the 
sign of MCD signals reported for (Zn,Mn)0 in the free 
exciton spectral region In contrast, the exciton line 
detected in PL showed a redshift, but exhibited the a~ 
polarization. 18 In order to clarify this issue, we have 
carried out MCD and PL measurements on the same 
Zno.g75Mno.025O film. The shape and the sign of the 
transmission MCD signal (Fig. [7^) are the same as re- 
ported previously for (Zn,Mn)0 ) 17 ' 24 and other II- VI 
DMSs, including Zn^Co^O^ 

A comparison of Figs. [TJa) and[7£b) indicates that the 
spectral position of the PL line is shifted towards lower 
energies with respect to the MCD maximum. This can be 
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FIG. 7: (color online) Magnetic Circular Dichroism (MCD) 
in 6 T (a) and photoluminescence (PL) spectra measured at 
B — and B = 7 T in two circular polarizations (b) for 
Zm-.Mn.O with 2.5% of Mn at T = 1.6 K. Spectral position 
(c) and amplitude (d) of the PL peak vs. magnetic field. 



expected as transmission measurements probe primarily 
free excitons while PL involves mainly excitons bound 
to residual impurities. The incorporation of magnetic 
ions leads to a significant quenching of the excitonic PL 
intensity in these systems, particularly if magnetic ions 
can absorb the excitation energy or trap photocarriers. 
However, as shown in Figs.JTJb) and[7Jd) the intensity of 
the PL lines in both polarizations increases nonlinearly 
with the magnetic field. As a consequence, total PL in- 
tensity increases by an order of magnitude when mag- 
netic field increases from to 7 T, as shown in Fig.[7Jd). 
This indicates that applying a magnetic field limits the 
impact of non-radiative processes on the emission from 
the excitonic states. A similar effect was reported for 
Zni.^Mn^Se^ and explained by spin polarization of car- 
riers and Mn 2+ ions, which blocked the transfer of the 
excitation to Mn ions. 

The energy positions of the PL lines are depicted 
in Fig. (7{c) as a function of the magnetic field. The 
strongest line exhibits a nonlinear redshift and er + polar- 
ization. The redshift starts to saturate around B = 2 T 
and attains 5 meV at 7 T. As discussed in the previous 
section, a similar magnitude of the redshift is found for 
the ground state exciton A in the reflectivity measure- 
ments in the same polarization. Interestingly, in addi- 
tion to the PL line in the a + polarization, a somewhat 
weaker PL line emerges at lower photon energies in the 
<7~ polarization. Actually, in the previous PL studies^ 
the lowest exciton line did also exhibit a redshift and the 
<7~ polarization in the presence of a magnetic field. 

As discussed in Sec. IIIIB1 the electron-hole exchange 
contributes significantly to the splitting between the A 
and B free excitons in ZnO. The influence of the electron- 
hole exchange is much weaker in the case of bound ex- 
citons than in the case of free excitons. Thus, the A-B 
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splitting is much smaller in the case of bound excitons. 27 
Actually, we show below (next part and Fig. [5]) that the 
Zeeman shift of the bound excitons can be described as- 
suming no contribution of the electron-hole exchange, as 
in the case of an acceptor-bound or donor bound exci- 
ton. Moreover, the magnetic field induced splitting of 
the B exciton, originating from the heavy-hole-like Tg 
band, is larger than (and opposite in sign to) the split- 
ting of the exciton A, which is associated with the T7 
band. The opposite circular polarization of the lowest 
line in the excitonic reflectivity and PL spectra observed 
at higher magnetic fields suggests therefore that a dif- 
ference of binding energies of the A and B excitons is 
comparable to the relative energy distance between va- 
lence bands from which they originate. When A and B 
excitons separation energy at zero magnetic field is neg- 
ligible, their relative order at magnetic field is governed 
by the difference of the respective shifts induced by the 
s,p — d interaction. To sum up, at low magnetic fields, 
the A and B excitonic lines are too broad (FWHM of 
^20 meV) to be resolved. At higher magnetic fields, 
T7-related exciton A is observed in a + polarization and 
Tg-related exciton B is observed in o~ polarization. 

Typically, thermalization processes lead to a stronger 
emission from a lower energy state. It is not the case of 
the present study: the higher energy PL component {a + ) 
exhibits a stronger intensity. We explain this observation 
in terms of the mechanism of the bound exciton forma- 
tion. Prior to any bound state formation photocreated 
holes relax to the lowest T7 valence band (order deter- 
mined from reflectivity results for free carriers). Next, 
they form the corresponding bound excitons. This re- 
sults in the strong er + polarized emission. However, some 
excitons change their symmetry and transfer to a bound 
state involving a Tg related hole, being in the magnetic 
field the lowest bound exciton energy state. Radiative 
recombination of these excitons results in a~ polarized 
emission. Its intensity is governed by the ratio of Tj re- 
lated exciton formation and recombination and T7 to Tg 
excitonic transfer rate. The stronger emission in cr + then 
in er~ polarization indicates that excitonic transfer rate 
from T7 band to Tg band is relatively small. 



IV. EVALUATION OF THE p 
INTEGRAL 



d EXCHANGE 



In order to evaluate the magnitude of the p — d 
exchange energy for Zni.^Mn^O we have collected in 
Fig. [5] the determined redshifts of the exciton A and the 
blueshifts of the exciton B at magnetization saturation 
(low temperatures and high magnetic fields), as a func- 
tion of the Mn concentration. The redshifts of the PL 
lines are also shown. Taking into account possible errors 
in the energy and Mn content determination, the relative 
accuracy is of the order of 20% in the case of both axes. 
Theoretical lines in Fig. [8] represent the expected energy 
shift for an exciton associated with the heavy-hole-like Tg 
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FIG. 8: Shift of exciton energies observed in reflectivity and 
photoluminescence measurements on Zni-zMnzO plotted as 
a function of the Mn concentration x. The shifts are deter- 
mined at saturation of the Mn spin polarization: the red- 
shift of the exciton A by using reflectivity in the a + polar- 
ization (empty circles); the blueshift of the exciton B in the 
<t + circular polarization by using reflectivity (full circles); the 
redshift of the bound exciton from PL measurements in the 
the <t~ polarization (full triangles) and in the a + polariza- 
tion (empty triangles) . PL data for three diluted samples 
are taken from Ref. Ha . Solid line represents the value of 
the shift calculated for the heavy-hole-like Tg band assuming 
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(app) 



v ( a PPh 



+0.2 eV, and is more suitable for the 



exciton B. Dashed line corresponds to the calculation with 
the neglected electron-hole exchange interaction and is more 
suitable for bound excitons seen in the PL, cr~ polarization. 



band for which the shift is larger than for the one linked 
to T 7 band, assuming 7V (/3 (app) - a< app )) = +0.2 eV, 
S = 5/2, and x e g = x(l — x) 12 . The solid (dashed) line 
is obtained taking into account (neglecting) the electron- 
hole exchange interaction. As seen, the exchange shift 
determined from the reflectivity (the PL) measurements 
is reasonably well described by the solid (dashed) line. 
This is expected since the electron-hole interaction af- 
fects much less bound excitons which are observed in the 
PL. 



Taking the determined value of A^o(/3*- app - ) 



i,( a pp) 



+0.2 ± 0.1 eV and assuming a standard value of 
Ar oa (app) = + o.3 ± o.l eV^SSiSS we obtain the p - d 
exchange energy iV u /3 ( ' app - ) = +0.5 ± 0.2 eV. If our as- 
signment of the valence band order were incorrect, the 
resulting value of the 7V /3 (app) would be iV /3 (app) = 
+0.1 ± 0.2 eV. We note that the latter value includes 
zero and negative values within the uncertainty limits. 
We can estimate the upper limit of the absolute value of 
the p - d exchange integral |iV /3 (app) | < 0.7 eV. 



V. CONCLUSIONS 

The giant Zeeman splitting of free excitons has been 
observed in magneto-reflectivity experiment performed 
on Zni.jMiijO samples with the Mn concentration x 
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ranging from 0.14% to 2.6%. In a view of our find- 
ings, Zn^Mn^O appears in many aspects to be a typ- 
ical II- VI DMS: its magnetization is well described by 
the paramagnetic Brillouin function, circular polariza- 
tion of the giant Zeeman effect and, thus, the sign of 
the MCD, are the same as in, e. g., Cdi-^Mn^Te. Al- 
though the incorporation of Mn degrades optical quality 
of the crystal, excitonic transitions are visible in reflec- 
tivity and photoluminescence even in the case of samples 
with a relatively high concentration of magnetic ions. 
The most important difference is that the overall am- 
plitude of the exciton splitting is one order of magni- 
tude smaller than the one expected for the value of the 
p — d exchange energy suggested by the Schrieffer-Wolf 
theory^^ N (3 = -3.1 ± 0.1 eV or implied by x-ray 
spectroscopy, NqP = —3.0 eVi^L By a quantitative in- 
terpretation of the reflectivity spectra, it has been pos- 
sible to find out how to link these puzzling results to a 
structure of the valence band in ZnO and to the strong 
p — d hybridization, expected for materials with the short 
anion-cation distance. 

More specifically, experimental results and their in- 
terpretation presented here for Zni_ x Mn x O and ear- 
lier for Zni_ x Co x O, 9 Gai^Mn^N^ and Gai_ x Fe x N, 5 
lead to several conclusions concerning exciton magneto- 
spectroscopy and properties of wide band-gap wurtzite 
DMSs. 

First, a meaningful determination of exciton energies 
from magneto-reflectivity spectra requires the applica- 
tion of the polariton model that incorporates optical 
transitions to excitonic excited states and band contin- 
uum. 

Second, the determined free exciton energies as a func- 
tion of the magnetic field indicate that the giant Zeeman 
splitting is larger for the exciton B than for the exciton 
A in (Zn,TM)0. This means that the exciton B is associ- 
ated with the heavy-hole-like Tg valence band. This is in 
contrast to (Ga,TM)N, where a giant splitting is larger 



for the exciton A, in agreement with the notion that the 
heavy-hole from the Tg valence band contributes to the 
ground state exciton A in GaN. 

Third, quantitative description of excitonic splitting 
and selection rules requires the model containing the 
spin-orbit coupling as well as the s,p — d and s — p ex- 
change interactions. 

Fourth, the obtained results point to the ferromag- 
netic character and the small magnitude of the appar- 
ent p - d exchange energy, A 0l S (app) = +0.5 ± 0.2 eV, 
in Zni_ x Mn x O. These findings, and similar ones for 
Zni.-rCo^O^ Gai_ x Mn x N^ and Ga^Fe^N^ substan- 
tiate the model predicting the reversed sign and reduced 
magnitude of the splitting of extended valence band 
states once the potential produced by individual mag- 
netic ions is strong enough to bind a hole^ 

Finally, we comment on consequences of our findings 
for the search for the hole-mediated ferromagnetism in 
oxide and nitride DMSs. As already noted^. a significant 
contribution of the p — d hybridization to the hole binding 
energy shifts the insulator-to-metal transition to higher 
hole concentrations, making the conditions for the hole 
derealization, a necessary ingredient for the operation of 
the p — d Zener mechanism of ferromagnetism, difficult 
to achieve. 
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